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Porous metal scaffolds play an important role in the orthopedic field, due to their wide 
applications in prostheses implantation. Some previous studies showed that the scaffolds 
with trabecular bone structure reconstructed via computed tomography had satisfactory 
biocompatibility. However, the reverse modeling scaffolds were inflexible for 
customized design. Therefore, a top-down designing biomimetic bone scaffold with 
favorable mechanical performances and cytocompatibility is urgently demanded for 
orthopedic implants. An emerging additive manufacturing technique, selective laser 
melting, was employed to fabricate the trabecular-like porous Ti-6Al-4V scaffolds with 
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varying irregularities (0.05-0.5) and porosities (48.83%-74.28%) designed through a 
novel Voronoi-Tessellation based method. Micro-computed tomography and scanning 
electron microscopy were used to characterize the scaffolds’ morphology. Quasi-static 
compression tests were performed to evaluate the scaffolds’ mechanical properties. The 
MG63 cells culture in vitro experiments, including adhesion, proliferation, and 
differentiation, were conducted to study the cytocompatibility of scaffolds. Compressive 
tests of scaffolds revealed an apparent elastic modulus range of 1.93-5.24 GPa and an 
ultimate strength ranging within 44.9-237.5 MPa, which were influenced by irregularity 
and porosity, and improved by heat treatment. Furthermore, the in vitro assay suggested 
that the original surface of the SLM-fabricated scaffolds was favorable for osteoblasts 
adhesion and migration because of micro scale pores and ravines. The trabecular-like 
porous scaffolds with full irregularity and higher porosity exhibited enhanced cells 
proliferation and osteoblast differentiation at earlier time, due to their preferable 
combination of small and large pores with various shapes. This study suggested that 
selective laser melting-derived Ti-6Al-4V scaffold with the trabecular-like porous 
structure designed through Voronoi-Tessellation method, favorable mechanical 
performance, and good cytocompatibility was a potential biomaterial for orthopedic 
implants. 
Keywords: Irregular porous structure; Selective laser melting; Voronoi-Tessellation; 
Mechanical performance; In vitro study 
1. Introduction 
Porous metal scaffolds (PMS) play an important role in the orthopedic field, due to their wide 
applications in prostheses implantation, such as artificial joint replacement and repair of bone 
defects caused by infection, trauma, or tumor resection[1]. Specifically, on one hand, its porous 
structure could mitigate risks associated with stress shielding and form a strong bone-implant 
interface by achieving a closer mechanical property match of bone, while providing an appropriate 
medium for nutrient transport, bone cell ingrowth and differentiation[2-4]. On the other hand, in 
contrast to ceramics and polymers[5, 6], metal materials have the advantages of balanced mechanical 
properties and unique scaffold structures, making them widely applicable to orthopedic 
implants[7-10]. Among them, titanium and its alloys are biologically preferable and corrosion 
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resistant because of a naturally occurring passive oxide layer on the surface, while still maintaining 
strong mechanical properties, low modulus of elasticity, and a high strength to weight ratio[11, 12]. 
In general, bone scaffolds has either regular or irregular porous structures. Regular porous 
structures are usually constructed by a simple repletion of the unit cell or the triply periodic minimal 
surface, etc.[13, 14]. The uniform pore size, consistent unit morphology, and controllable porosity 
influence the mechanical behavior and the biocompatibility of regular porous scaffolds[15-17]. 
However, the human trabecular bone does not have the same pore size and profile, or the immutable 
local porosity. The homogeneity of regular porous scaffolds might not obtain a satisfactory cellular 
response in vitro and in vivo. In contrast, the irregular porous structures present random variations 
in pore’s geometry and dimension. The resulting range of pore size distribution, changeable pore 
profiles and different local porosities could be the extra potential factors that improve the 
biocompatibility of porous scaffolds in bone tissue engineering (BTE). Some related research 
results had proved that the irregular porous structures analogous to cancellous were more conducive 
to cells growth, which shown the superiority of irregular porous structure[18, 19]. 
A majority of the irregular porous scaffolds are constructed through the image based reverse 
modeling method, the mathematical modeling method, or their combination in order to imitate 
natural bone characteristics at all levels (i.e. mechanical, biological, mass transport and 
microstructure geometry)[20-22]. Noteworthy, the Voronoi-Tessellation based mathematical modeling 
method presents excellent performances in constructing approximate models of natural irregular 
porous materials, like collagen networks[23], foams[24], and biological cells structures[25, 26]. 
Unsurprisingly, this nature-inspired geometric representation method has received much attention in 
its ability to construct biomimetic porous scaffolds for BTE because of the inherent bionics 
characteristic. Fantini et al.[27] constructed the biomimetic full-interconnected porous scaffolds with 
the trabecular-like structure and customized geometry based on the Voronoi-Tessellation method. S. 
Gómez et al.[28] extracted the seeds from the micro-CT images of the trabecular bone, and modeled 
the trabecular structure more precisely with the Voronoi-Tessellation principle, exactly matching the 
main histomorphometric indices of the trabecular bone, which could require additional 
computational resources and efforts. However, no related studies regarding the mechanical 
performance and biocompatibility of Ti-based trabecular-like scaffolds based on 
Voronoi-Tessellation have been reported. 
The additive manufacturing (AM) techniques have been described as crucial production 
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techniques towards a more controlled bone scaffolds due to their impressive capability of producing 
porous structures with a controlled architecture precisely owing to their layer-wise building 
approach and their direct link with a computer-aided design (CAD) model[29]. As one of recently 
developed AM techniques, selective laser melting (SLM) process creates functional and complex 
metal parts directly, bringing a high degree of freedom to design[30]. Compared to the conventional 
manufacturing techniques, the SLM offers a wide range of advantages, including reduction of 
production steps, a high level of flexibility, a high material use efficiency, and a near net shape 
production[31]. Moreover, the SLM process is capable of producing complex geometrical features 
that cannot be obtained using conventional production routes due to the additive and layer-wise 
production. The SLM-built porous biological metal scaffolds that have presented positive results in 
both in vitro and in vivo studies[32]. 
On the basis of previous studies, we proposed a new and convenient method of modeling 
irregular scaffold to mimic the trabecular structure based on Voronoi-Tessellation, which separated 
bounding box volume into several small areas according to desired pattern (isotropic, gradient, and 
topological) and randomly generated seeds in the respective area, resulting in the high level of 
controllability in parameters successfully [33]. In this work, in order to systematically investigate the 
performances in BTE of the scaffolds based on the proposed method, the porous samples with 
varying irregularity and porosity were designed and fabricated by the SLM process with Ti-6Al-4V 
powders. In details, The manufacturability and morphology features of the scaffolds fabricated 
through SLM were evaluated. The effects of irregularity, porosity and heat treatment on the 
mechanical properties of as-built porous scaffolds were discussed. Significantly, cellular response to 
scaffolds with varying irregularities and porosities was also studied by culturing the MG63 cells in 
vitro. 
2. Material and methods 
2.1. Materials 
The commercial Ti-6Al-4V extra low interstitial (ELI) powder supplied by EOS GmbH was 
used in the experiment, meeting ISO 5832-3 and ASTM F1472. As an optimized medical material, 
the trace elements of Ti-6Al-4V ELI such as O, N, H, C, and Fe were relatively low in content 
(Table 1). As shown in the scanning electron microscopy (SEM) image of Fig. 1 (ΣIGMA, Zeiss, 
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German), the powder had high sphericity and few satellite spheres with a particle size range of 
15-53 μm. 
2.2. Design and fabrication of irregular porous scaffolds 
A probability sphere method based on Voronoi-Tessellation was used to generate the random 
seeds in order to construct irregular porous structures with full connectivity (Fig. 2(a))[33]. The 
porous scaffolds with different porosities and irregularities could be modeled using computer aided 
design (CAD) software Rhinoceros with a Grasshopper plugin (version 0.9.0076) and Boolean 
operations. The porosity and irregularity of scaffolds were determined through adjusting seeds 
number and scale coefficient of K. It is important to note that the corresponding scaffold will 
become a type of hexagonal lattice structure with paired cylinder-shaped struts when the irregularity 
reaching zero. 
The specimens were fabricated using an SLM machine (EOSINT M290; EOS GmbH, 
Germany) with optimized processing parameters (Table 2). Selective laser melting of porous 
scaffolds was characterized by a controllable and precise layer-wise material addition process that 
allowed generation of complex structures by selectively melting successive layers of metal powder, 
using a focused and computer controlled laser beam (Fig. 2(b))[34]. 
Two sets of cylindrical specimens were fabricated with a diameter of 12 mm and two heights 
of 16 mm and 3 mm for various tests (Fig. 2(c)). Set 1 of specimens had irregularities (ɛ) of 0.06, 
0.25, and 0.5 with the same designed porosity (Φ) of 70%±1% under seeds number of 2000 and 
scale coefficient (K) of 0.65, having the approximately same surface area and strut size. Set 2 of 
specimens had designed porosities (Φ) of 55%±1%, 68%±1% and 80%±1% and the same 
irregularity (ɛ) of 0.5 under seeds number of 1200 and scale coefficients (K) of 0.55, 0.65, 0.75, 
having the gradually decreasing surface area and strut size. The specimens (Ø 12 mm × 3 mm) for 
cell culture were cut off from the base plate via wire electrical discharge machining (WEDM). 
2.3. Measurement and characterization 
A micro-computed tomography (μCT) scanner (FF35 CT; YXLON International, Germany) 
with a 17 μm resolution was used to scan the samples (Ø 12 mm × 3 mm) at 200 kV and 50 μA. The 
samples were rotated over 360° in steps of 0.36° during the acquisition. Two-dimensional (2D) 
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projection images (n=1000) were collected. The 3D models of the fabricated samples were 
reconstructed through these slice images data using commercially available software (VGStudio 
MAX 3.0; Volume Graphics GmbH, Germany). Based on the direct observation from cross-section 
method[35], the pore size distribution of the as-built porous scaffolds was characterized through the 
freeware (ImageJ 1.51; National Institutes of Health, USA) to analyze the section’s μCT images 
with thresholding processing obtained from the same position of the reconstructed 3D models. The 
surface micro-topography of struts of SLM-produced porous scaffolds was observed by a 
field-emission scanning electron microscopy (S-4800; Hitachi, Ltd., Japan). And the porosity (Φ) of 
the fabricated scaffold was obtained as follows: 
s
C
1 VV)                          (1) 
where Vs is the volumes of the SLM-produced scaffolds measured from reconstructed 3D models by 
using the commercially available software (Magics 21.0.0; Materialise, Belgium) and VC is the total 
volume of the solid cylinder that has the same outline size with scaffold. 
2.4. Heat treatment and Mechanical testing 
According to GJB 3763A-2004 standard, two heat treatment processes for the mechanical test 
samples were executed in a vertical tube furnace in an argon atmosphere with a heating rate of 
approximately 5 °C/min: stress relief annealing at 600 °C for 60 min and furnace cooling (FC); full 
annealing at 840 °C for 30 min and furnace cooling. 
The static compression tests were performed using an electronic universal testing machine 
(CMT5105; MTS System Corporation, America) with a 100 kN load cell. According to the ISO 
13314:2011 standard for the compression of porous and cellular metals, the pressure head speed 
was calculated to obtain an initial compression strain rate between 10-3 s-1 and 10-2 s-1. This 
corresponded to 2.5 mm/min for the samples with a height of 16 mm. As described in ISO 13314 
(Fig. 3), the plateau stress (σpl) was determined as the arithmetical mean of the stresses with a 20% 
to 40% compressive strain. Known as apparent elastic modulus of porous and cellular metals, the 
elastic modulus was the slope of the elastic straight lines determined by elastic loading between 70% 
and 20% of plateau stress (σpl). The ultimate strength was defined by first maximum compressive 
strength, which determined the load-bearing capacity of the porous scaffolds. These were extracted 
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from the stress-strain curve and recorded for each sample (n=3). 
2.5. Finite element analysis of as-designed models 
To compare the predicted and tested mechanical properties of the as-built samples, the finite 
element analysis (FEA) on ideal as-designed porous structures were performed using the 
commercial software (ABAQUS 2016; Dassault Systemes Simulia Corp., USA) with the elastic 
modulus of 105 GPa, Poisson’s ratio of 0.3, and the yield strength of 830 MPa. The FEA model was 
assumed to be linear, elastic, and homogeneous. The loading conditions and the boundary 
constraints were set based on a previous study[36]. The top of cylindrical specimen was loaded with 
a pressure of 80 MPa while the bottom boundary was fixed. The deformation and the stress 
distribution under pressure were investigated through parameter settings, model meshing and 
solving. 
2.6. Cell culture 
The as-built Ti-6Al-4V scaffolds were cleaned and modified prior to cell culture experiment. 
The specimens were washed ultrasonically in 95% ethanol and distilled water for 30 min each. Next, 
the specimens were first soaked in a 5 mol/L NaOH solution at 60 °C for 24 h. Lastly, the 
specimens were further washed ultrasonically in distilled water for 10 min and then dried for at least 
24 h in order to stabilize the oxide layer before cells culture before being sterilized..  
An in vitro cells culture was carried out using MG63 cells. The scaffolds were pre-wetted with 
cell culture medium, which consisted of Dulbecco’s modified eagle medium (DMEM), 10% fetal 
bovine serum (FBS, Gibco), and 1% antibiotics/a for 2 h and then air-dried in sterile conditions. For 
each scaffold, 20,000 MG63 cells (in 60 μl cell suspension) were drop seeded and statically 
incubated for 4 h at 37 °C to facilitate cell attachment. The DMEM supplemented with 10% fetal 
bovine serum, 100 U/mL penicillin and 100 mg/mL streptomycin were used as culture medium. The 
cell-seeded scaffolds were transferred to a 24-well plate and cultured in culture medium after 4 h, 
which was refreshed every 2 d. 
Fluorescent staining was used to study the cell viability. After being cultured for 1 day, MG63 
cells were digested from the scaffolds and washed with the phosphate buffer saline (PBS, Grand 
Island Biological Co., USA). Then cells were treated with 5 μmol/L calcein-AM and 4 μmol/L 
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ethidium homodimer-1 (LIVE/DEAD, Life Technologies, California, USA) in Dulbecco’s 
phosphate buffered saline for 20 min at 37 °C. The stained cells were gently rinsed twice with PBS 
and then mounted onto glass slides for fluorescence microscopy observation (BX60, Olympus, 
Japan) (n1=1). SEM observation was used to study the cell adhesion on the scaffolds. After being 
cultured for 3 d, the cell-seeded scaffolds were rinsed with PBS, and then soaked in 2.5% 
glutaraldehyde solution (Shanghai Likang Disinfectant Hi-tech Co., Ltd, China) for 2 h to fix the 
adhered cells. Afterwards, the scaffolds were dehydrated in a gradient ethanol/distilled water 
mixture (50%, 60%, 70%, 80%, 90%, and 100%) for 10 min each and dried in a 
hexamethyldisilazane (HMDS, Aladdin Industrial Corporation, China). The adhered cells on the 
scaffolds were observed under SEM. CCK-8 assay was used to investigate the cells proliferation. 
After being cultured for 1, 3 and 5 d, the adhered MG63 cells were digested from the scaffolds and 
incubated with 10 μL CCK-8 (5 mg/mL, Sigma-Aldrich, St. Louis, MO, USA) for 2 h in 37 °C, 
then the absorbance was measured at 450 nm by paradigm detection platform (BECK MAN, S. 
Kraemer Boulevard Brea, CA) (n=3). The alkaline phosphatase (ALP) activity was measured to 
evaluate the osteogenic differentiation of the cells. After being cultured for 14 d, the cells on the 
scaffolds were washed twice with PBS and lysed in 0.1% Triton X-100. The ALP levels was 
measured using an Alkaline Phosphatase Assay Kit (Beyotime, China) at 405 nm (n=3). 
3. Results 
3.1. Morphological characterization 
SEM was used to characterize the struts’ surface topography and the local features of the 
as-built scaffolds (Fig. 4). Compared to as-designed model (Fig. 4(b)), the interconnected network 
architecture was accurately duplicated by the final scaffolds fabricated via SLM (Fig. 4(a)). It was 
observed that there were a large quantities of spherical particles on the surface of struts, including 
incomplete metal particles and welding particles (Fig. 4(d)), which were attached to the structure 
and should not result in detachment risk. The bonded particles had a similar particle size and 
morphology to the raw Ti-6Al-4V particles prior to melting, which formed pores and ravines (Fig. 
4(c) and (d)), resulting in a rough surface morphology for porous scaffold struts.  
As the main morphological parameters of a porous scaffold, the strut thickness, volume, 
surface area, porosity, and specific surface area of two sets of as-built specimens were measured, 
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calculated from the micro-CT data and compared to their respective design values (Table 3). Set 1 
of the as-built scaffolds with irregularities (ɛ) of 0.06, 0.25, 0.5 had experimental porosities of 61.49% 
(D=-9.43), 62.65% (D=-7.36), and 63.95% (D=-5.55) and specific surface areas of 7.01 mm-1 
(D=-3.4), 7.56 mm-1 (D=-2.5), and 8.4 mm-1 (D=-1.97), which were lower than the corresponding 
designed models. In details, the strut thicknesses of the as-built scaffolds were higher than the 
respectively designed values, resulting in the increased volumes and decreased surface area. It 
should be emphasized that the scaffold with the irregularity of 0.06 had the largest relative errors for 
porosity, specific surface area, and strut thickness between as-designed and as-manufactured values, 
while the scaffold with irregularity of 0.5 had the smallest. Similarly, set 2 of the as-built scaffolds 
with designed porosities of 55%±1%, 68%±1%, 80%±1% and the same irregularity (ɛ) of 0.5 also 
had lower experimental porosities of 48.83% (D=-5.9), 63.51% (D=-4.16), and 74.28% (D=-5.32) 
and specific surface areas of 5.03 mm-1 (D=-0.9), 6.28 mm-1 (D=-1.18), and 7.23 mm-1 (D=-2.58) 
than designs. 
Quantitatively, the pore size was defined by the equivalent circle diameter of the irregular 2D 
pore. The pore size distributions of the porous scaffolds with different irregularities were depicted 
in Fig. 5, where hundreds of pores were measured and counted using the cross-section direct 
observation method based on the thresholding processing μCT images. The porous scaffold with a 
low irregularity of 0.06 had about 90% of pore sizes distributed in a range of 600-1000 μm 
intensively and only 10% of pore sizes smaller than 300 μm. Besides, most pores had relatively 
uniform contours with low curvatures (Fig. 5(a)). As the irregularity increased, the pore size 
distribution became wider and more homogeneous. In addition, the maximum pore size became 
bigger and the shape of pore became irregular. The porous scaffold with a higher irregularity of 0.25 
had the pore sizes with multi-peak distribution, and the shapes of pores presented chaotic 
characteristic (Fig. 5(b)). As the irregularity level reached 0.5, the pore sizes followed the 
approximately normal distribution, where more than 50% of pores were in range of 400-1000 μm 
(Fig. 5(c)). Furthermore, most pores had diversified shapes and high curvature in 2D view. 
3.2. Mechanical characterization 
The results of the static compression tests of the as-built scaffolds with two different heat 
treatment processes were summarized in Fig. 6, including the representative stress-strain curves, the 
calculated elastic modulus, and the ultimate strengths based raw data. The stress-strain curves were 
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typical for porous biomaterials including the linear increase in stress with strain and a plateau 
region with fluctuating stresses (Fig. 6(a) and (b)). Besides, it was observed that the curves had an 
initial approximate parabola going upwards at the beginning of loading. This might be attributed to 
the uneven interface of contact between pressure head and porous samples or existed slight 
distortion of the struts[37-39]. 
Elastic modulus and ultimate strength are the pivotal characterization parameters for 
evaluating the mechanical performance of porous biomaterials. As shown in Fig. 6(c) and (e), the 
samples that have a designed porosity of 70%±1% and different irregularities, had an elastic 
modulus range of 3.22-3.92 GPa before heat treatment, which decreased gradually with the increase 
of irregularity. Meanwhile, the ultimate strength reached a value of 105.8-158 MPa, but did not 
have the same variation tendency with elastic modulus. In details, the original porous scaffold with 
the irregularity of 0.06 had the highest elastic modulus of 3.92 GPa and the corresponding highest 
ultimate strength of 158 MPa. And the porous scaffold with the irregularity of 0.25 had the lower 
elastic modulus of 3.57 GPa and the corresponding lowest ultimate strength of 105.8 MPa. However, 
the porous scaffold with the irregularity of 0.5 owned the lowest elastic modulus of 3.22 GPa and a 
higher ultimate strength of 123 MPa.  
As illustrated in Fig. 6(d) and (f), without any heat treatments, the samples with an irregularity 
of 0.5 and various porosities possessed an elastic modulus range of 1.93-5.24 GPa and attendant 
large-scale ultimate strength range of 44.9-237.5 MPa. Moreover they all decreased as the porosity 
increased. In other words, the porous structures with higher porosity could obtain lower modulus 
and strength, which was in agreement with numerous previous studies about lattice structure, 
including seminal work of Gibson and Ashby[40]. With the application of Gibson-Ashby model, the 
elastic modulus (E) and ultimate strength (W) of the original porous structure with different 
porosities were fitted as follows: 
2.251112.05(1 )
100
)V                   (2) 
1.413.65(1 )
100
E )                     (3) 
Notably, both two executed heat treatments had distinct impact on mechanical properties of 
as-built porous samples. More specifically, as indicated in Fig. 6(c)-(f), the elastic modulus and 
ultimate strength of samples all decreased by 5%-10% after full annealing (840 °C+FC). And it was 
evident that the curves of full annealing samples showed better yield ductility than others (Fig. 6(a) 
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and (f)). The stress relief annealing (600 °C+FC) did not show an obvious effect on the elastic 
modulus, however, it improved the porous samples’ ultimate strength at a certain degree of less than 
10%. 
3.3. In vitro cell behavior 
The executed live/dead staining after 1 d of in vitro culture showed that the cells on all the 
Ti-6Al-4V scaffolds had high viability (Fig. 7(a) and (b)). Most of the cells began to spread out, 
showing a typical fusiform appearance. More cells were observed in the scaffolds with an 
irregularity of 0.5. And the scaffolds with low porosity of 48.83% were effectively seeded with the 
most cells. In addition, based on the optical density (OD) values indicated in Fig. 7(c) and (d), it 
could be inferred that the cell numbers increased with a longer culture time in all groups, indicating 
their good cytocompatibility. The statistical analysis showed that all set 1 of samples had no 
significant difference in cell density for day 5. However, the scaffolds with irregularity of 0.5 had a 
significant higher cell density than the others for day 1 and day 3 (Fig. 7(c)). For the set 2 of 
samples, after 1 d culture, the cell density of scaffolds with a low porosity of 48.83% was relatively 
higher than the others. Significantly, as the culture time increased, the cell density of scaffolds with 
porosities of 63.51% and 74.28% were obviously higher than the other samples for day 5 (Fig. 
7(d)). 
Representative adhesion morphologies of MG63 cells cultivated on the scaffolds for day 3 
showed that cells could adhere to the original surface of SLM-produced scaffolds well (Fig. 8). Cell 
migration ability was not visibly influenced by the structure irregularity and porosity in the early 
period of time. Moreover, the apparent cell migration behaviors of bridging the micro scale pores 
and ravines on the struts surface or smaller pores of scaffolds were captured by SEM. 
After 14 d of in vitro culture, the ALP for all groups was detected (Fig. 9). A marked difference 
in ALP activity was found in scaffolds with different irregularities and porosities. Specifically, the 
ALP activity of scaffolds with relatively high irregularities of 0.5 was higher than the scaffolds with 
a relatively low irregularity of 0.05 in set 1. And the scaffolds with relatively high porosities of 
63.51% and 74.28% had higher ALP activity than others in set 2. However, no significant difference 
between scaffolds with irregularities of 0.25 and 0.5 was observed, nor between the scaffolds with 
porosities of 63.51% and 74.28%. 
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4. Discussion 
4.1. Design and selective laser melting irregular porous scaffolds 
The growing demand for tailored and biomimetic scaffolds in bone tissue engineering poses a 
huge challenge to design and manufacturing of porous structures, which must take both geometric 
features and mechanical performances into consideration to obtain satisfactory biocompatibility. 
From the point of design, the reverse modeling based on the CT data could be an effective method 
for constructing the trabecular-like porous scaffold, but would be inefficient, inflexible and out of 
control in other aspects except morphology. Alternatively, the method of combining the controlled 
random seeds and Voronoi-Tessellation principle is a promising way to approximately imitate the 
trabecular structure. From the other point of manufacturing, it is difficult to control the internal pore 
geometry, pore size, and distribution for using the conventional fabrication techniques for designed 
porous models[41]. Facing this problem, SLM shows the superiority of high controllability and 
accuracy in fabricating complex metal parts, like porous Ti-based scaffolds[38]. 
The Voronoi-Tessellation based approach could effectively imitate the architecture of the 
healthy spongy bone with accurate full-interconnected trabecular-like structure by using the seeds 
stochastically distributed in the design volume (Fig. 10). In most cases, the seeds number and scale 
factor were discussed as the key parameters which can control the porosity, pore size, strut 
thickness, and cross section profile, etc. However, the irregularity of this kind of porous structure 
was rarely raised in any explicit manner, which could be the kernel issue when biomimetically 
imitating bone structure. In this work, the samples with heterogeneity in geometry and homogeneity 
in porosity were designed to have porosities of 50-80% accommodating natural trabecular bone (Fig. 
10(a) and (b))[19], and accompanying variable strut thickness, etc. (Table 3). Moreover, it was 
emphasized that the randomness degree of seeds distribution could affect pore geometrical 
characteristic seriously, like pore size distribution and pore profile (Fig. 12), which was regarded as 
the irregularity of the porous structure based on Voronoi-Tessellation. The random seeds provided 
geometrical heterogeneity thus resulting in a really biomimetic shape. So the structure with full 
irregularity of 0.5 was most analogous to trabecular structure. Besides, for using the proposed 
method to imitate trabecular structure with varying porosity with location, the porous structure with 
gradient in porosity could be modeled through partitioning seeds’ respective areas according 
gradient pattern (Fig. 10(c) and (d)). 
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The AM process of selective laser melting was competent in the production of porous scaffolds 
directly from metallic powders. However, this also brings some inherent discrepancies with respect 
to designed model. Similar results were observed in the previous works of Van et al.[16], Warnke et 
al.[32], Hollander et al.[42], Fantini et al.[43], Sing et al.[44], but not discussed systemically. Firstly, the 
SLM-produced scaffolds have very rough surface with pores and ravines, resulting from the 
adhesion of partly melted particles on the struts, which is universal phenomenon in SLM process. 
The presence of these particles on the struts could be due to two main following reasons (Fig. 11). 
On one hand, the raw particles on the boundary of hatching laser track laser path for the solid struts 
partially melt due to heat transfer from the melt pool to the surrounding powder bed[44]. On the other 
hand, the melt pool swallows particles proactively from surrounding powder layer through surface 
tension and violent convection movement, and solidified rapidly. Secondly, the SLM process makes 
a slight mismatch between as-designed and as-produced porous structures in geometrical size of 
struts. This is mainly due to the low thermal capacity of struts with smaller size (micron level). 
Specifically, when the consecutive laser beams overlap and melt the powder to form a tiny feature, 
the heat is more easily transferred by thermal conduction into the surrounding powder because of 
small thermal capacity of the solidified part. In this case, the molten pool tends to enlarge, thus 
absorbing more particles, making the size of SLM-produced struts exceed the designed values. 
Under the effect of these two points, the pore size decreased, the volume increased, and too small 
features were not created. As shown in Fig. 12, it was obvious that the as-built scaffolds had thicker 
struts, more rounded pore contour. Moreover, relatively small slender pores and sharp corners were 
missing, reducing the surface area. And the specific structure characteristic might affect the surface 
area deviations level. For example, the scaffold with an irregularity of 0.05 had more small slender 
pores than the others (Fig. 12(a) and (c)), therefore obtaining greater deviation (Table 3). It needs to 
say that this size deviation may can be neutralize from the design side. 
4.2. Mechanical properties 
The correlation between the mechanical properties and the geometrical parameters is crucial 
indicator to evaluate the controllability of porous structure, also primary basis for guiding design. In 
fact, the mechanical properties of irregular porous structure were closely related with its porosity 
and irregularity[45]. In addition, heat treatment also can affect mechanical performance of SLM-built 
samples. 
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As reported in Ref. [46-48], the human cancellous bone has a Young’s modulus range of 
0.1-4.5 GPa and ultimate strength range of 1.5-38 MPa. The cortical bone has a Young’s modulus 
range of 5-23 GPa and ultimate strength range of 35-283 MPa. In this study, the mechanical 
behavior of the developed porous scaffolds in terms of their quasi-static mechanical properties was 
studied. The as-built Ti-6Al-4V scaffolds with porosities of 48.83%-74.28% presented a satisfying 
mechanical performance, an apparent elastic modulus range of 1.93-5.24 GPa and ultimate strength 
range of 44.9-237.5 MPa, which was in the same stiffness level as the cancellous bone but had more 
excellent stress resistance ability similar to cortical bone. Compared to the gradient regular porous 
structure[49-51], though they both consisted of pores with varied size, the gradient regular porous 
structure had obvious gradient phenomenon in mechanical behavior. And the irregular porous 
structure studied in this work presented a mechanical behavior like homogeneous porous structure 
with more reasonable match in modulus and strength. As a result, it is foreseeable that stress 
shielding is less likely to occur. Meanwhile the relatively high mechanical strength of the scaffolds 
provides enough mechanical support and prevents the structure’s failure under mechanical loading. 
Explicit correlations between the mechanical behavior and the porosity and irregularity were 
found based the results of mechanical experiments presented in Fig. 6. On one hand, the 
experimental apparent elastic modulus and ultimate strength decreased as the porosity increased, 
which were in accordance with the Gibson-Ashby model and has been corroborated by both 
synthetic constructs and human bone[40, 52, 53]. This experimental variation trend about porosity was 
also consistent with the simulation results obtained in this study. As depicted in Fig. 13(b), the 
structures with porosities of 54.73%, 67.67%, and 79.6% had maximum von Mises stress values of 
1698 MPa, 3022 MPa, and 7805 MPa, respectively. Under the equivalent load pressure of 80 MPa, 
few struts of structure with porosity of 54.73% reached the yield strength of 830 MPa, but structure 
with porosity of 79.6% had the most struts undergoing yield deformation. The reason for this results 
is that the struts of the open porous structure mainly bear bending load during quasi-static 
compression[40]. And the porosity of porous structure is usually increased through lengthening or 
thinning the struts, resulting in weakening of resistance to bending. Therefore it is easy to 
understand that the structure with higher porosity has poorer compressive behavior. On the other 
hand, taking irregularity into consideration, the SLM-produced structures based on the proposed 
Voronoi-Tessellation based method exhibited a peculiar mechanical behavior under the same 
porosity level. This is because the unit cells of porous structure will gradually transform from 
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hexagonal structure with paired cylinder-shaped struts to irregular polyhedron structure with single 
struts during the increase in irregularity (Fig. 12), bringing the decrease in apparent elastic modulus. 
Some cell units’ aberrations might have taken place, resulting in a sharp change in size of partial 
struts of structure with relatively low irregularity, which should get salient stress under compressive 
load. When irregularity reached the full-irregular level, a new stress balancing was founded in the 
high entropy environment of the structure, meliorating compressive strength. Just as predicted in 
Fig. 13(a), the structures with irregularities of 0.06, 0.25, and 0.5 had maximum von Mises stress 
values of 2707 MPa, 4153 MPa, and 3394 MPa respectively, revealing that the structure with 
irregularity of 0.25 had the most serious stress concentration. 
Because of the rapid solidification of laser melting, the formation of high residual stress and 
out-of-equilibrium microstructure in the SLM-produced component are inevitable, which could 
result in undesirable effects including the promotion of cracking, the fatigue-failure and the part 
distortion[54, 55]. Especially it is inclined to accumulate residual stresses for crisscross beam structure 
of porous scaffolds during SLM process. Stress relief annealing (600 °C+FC) can eliminate the 
residual internal stress of SLM-produced porous samples, so as to prevent the premature 
deformation and fractures caused by stress concentration. Therefore the samples presented a higher 
ultimate strength after stress relief annealing. Moreover, as a classical α+β titanium alloy, the 
Ti-6Al-4V parts can get strengthened and toughened effectively through heat treatment optimizing 
microstructure. The microstructure of SLM-produced part mainly consists of most acicular 
metastable α’ martensitic and few β phases. After full annealing at a temperature between 
recrystallization of 750 ℃ and β transition of 995 °C, the uneven martensitic structure transformed 
to stable coarsened microstructure of (α+β) phase, and avoided the formation of Widmanstatten 
structure[56]. Consequently, this microstructure transformation reduced the strength but increased the 
ductility of the scaffolds. 
4.3. In vitro cell behavior analysis 
The current in vitro culture experimental results demonstrated that the SLM-fabricated 
irregular Ti-6Al-4V scaffolds based on Voronoi-Tessellation had favorable cytocompatibility for 
orthopedic applications. The inherent characteristics brought by the design and fabrication, 
including pore characteristic, surface property and mass transport ability, had noteworthy influence 
on cell attachment, proliferation and differentiation on different scaffolds[5, 16]. 
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The difference in cell amount of scaffolds on day 1 was attributed to the local permeability, 
which would affect the cells seeding efficiency. According to the Kozeny-Carman equation, the 
permeability of porous medium was associated with specific surface area and porosity[57]. Smaller 
pore had a lower permeability, and the scaffold with a higher porosity had a higher permeability. A 
higher permeability suggested that the cell suspension had less resistance when permeating the 
scaffold, giving the cells less time to attach to the surface[16, 58]. The set 1 of scaffolds with different 
irregularities had different pore size distributions (Fig. 5), although having approximate porosity 
and specific surface area on the whole. The scaffold with irregularity of 0.25 and 0.5 had more 
smaller pores (＜600 μm), where could be seeded more cells owing to a lower local permeability 
(Fig. 7(c)). Similarly, under the same design condition, the set 2 of scaffold with porosity of 48.83% 
had the lowest permeability, resulting in the highest seeding efficiency (Fig. 7(d)). However, the 
permeability also characterized the mass transport ability of porous scaffold[59], which would affect 
cell proliferation. The scaffolds with bigger pores or higher porosity would be more suitable for cell 
sustaining viability and proliferation owning to its greater transport ability for nutrient and oxygen 
and avoiding pore occlusion. Thus, with the increase in culture time, there were more cells on the 
scaffold with higher porosity on day 5 (Fig. 7(d)). Particularly, the scaffolds with irregularity of 
0.25 and 0.5 had wider pore size distribution (0-1800 μm). Therefore, as the previously reported[16], 
this combination of small pores and large pores could not only obtain satisfactory cells seeding 
efficiency in early period, but also guarantee good cell proliferation with the development of the 
culture process (Fig. 7(c)). 
From SEM visualization for the cells seeded on the scaffolds, it was concluded that the 
SLM-produced Ti-6Al-4V scaffolds were conducive for cell adhesion and spreading. The original 
rough surface consisted of micro scale pores and ravines, formed by successive melt layers, 
incompletely melting and welding particles, which could support cells attachment, migration, and 
proliferation at early time via the provided physical holds. Meanwhile, similar to previous literature 
reported, human osteoblasts might only bridge irregularly shaped pores smaller than 200 μm[60]. The 
cell bridging behaviors occurred in the micro scale pores or ravines of struts in early time could be 
attributed to the following two points. Firstly, during cell seeding step, the surface tension could 
lock the cell suspension in these small gaps, leading to more cells attaching easily. Secondly, during 
early culture, the curvature-driven growth effects discovered by Rumpler et al.[61] would make cells 
prefer to fill the locations with higher curvature, like the micro scale pores and ravines of struts or 
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the smaller pores (< 200 μm) of scaffolds. 
As an early marker of osteoblast differentiation, ALP activity is measured commonly[62]. The 
present results on day 14 of in vitro culture clearly showed SLM-produced Ti-6Al-4V scaffolds had 
the potential of promoting MG63 cells toward osteoblast differentiation effectively. It has been 
previously reported that the micrometer-scale roughness of surfaces of Ti-6Al-4V implants could 
promote osteoblast differentiation[63]. In addition, the scaffolds with irregular porous structure and 
relatively high porosity were more conducive to enhancing osteoblast differentiation in early period 
of culture. This was because that the scaffolds with the full irregularity of 0.5 had random porous 
architecture consisting of pores with a relatively wide size distribution and varied shapes. As with 
gradient regular porous structure[51, 64], under the premise of providing sufficient nutrients and 
oxygen, it would make cells exposed to more diversified mechanical stimuli, enhancing osteoblast 
differentiation. This result was also in accordance with the viewpoints of Lv et al.[65] and Cheng at 
al.[19], which pointed that the irregular pores of trabecular-like scaffolds could contribute differently 
to the local growth factor production (such as bone morphogenetic protein-2 and vascular 
endothelial growth factor) and promote bone formation and ingrowth. However, the trabecular-like 
porous structure might perform better in inducing osteocyte differentiation due to its biomimetic 
feature than gradient regular porous structure. On the other hand, cells on scaffolds with higher 
porosities (63.51% and 74.28%) showed better osteoblast differentiation. It was believed that the 
increased porosity increased the specific surface area, thus providing more space for cell interaction 
in vitro and promoting osteoblast differentiation. But this result was not in agreement with the 
common viewpoint that regular scaffolds with lower porosity could stimulate osteogenesis by 
suppressing cell proliferation and forcing cell aggregation in vitro[15]. In fact, osteoblast 
differentiation is accompanied by cell proliferation[66]. So higher porosity might be beneficial for 
both. Moreover, it is possible that the irregular structure based on Voronoi-Tessellation gives extra 
impact on preexisting conditions of osteoblast differentiation. Of course, this idea needs further 
investigation in vitro and in vivo. 
5. Conclusions 
In this study, the irregular porous Ti-6Al-4V scaffolds with different irregularities and 
porosities were constructed by the Voronoi-Tessellation based method and fabricated by selective 
laser melting process. The approach based on Voronoi-Tessellation principle and controlled random 
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points could structurally mimic trabecular bone structure effectively. As a typical AM technique, 
SLM process exhibited great ability in preparing irregular porous scaffolds. However, it also 
brought scaffolds some inherent discrepancies with respect to the designed model. The porosity and 
the irregularity had a significant influence on the mechanical performance of scaffolds. Taking 
irregularity into consideration, the Gibson-Ashby model no longer applied to the porous structure. 
Besides, the heat treatment of full annealing could effectively increase the ductility of 
SLM-produced Ti-6Al-4V porous scaffold but not decrease its strength seriously. Nevertheless, the 
as-built Ti-6Al-4V scaffolds with porosities of 48.83-74.28% presented a satisfying mechanical 
performance, which was in the same stiffness level with cancellous bone but had a more excellent 
stress resistance ability similar to cortical bone. Moreover, primary examination in vitro showed 
that the as-built Ti-6Al-4V scaffolds had a favorable cytocompatibility. The original surface of 
SLM-fabricated scaffolds was in favor of cell adhesion and migration, because of micro scale pores 
and ravines. The trabecular-like porous scaffolds with the full irregularity (0.5) and higher porosity 
(63.51%, 74.28%) did better at enhancing osteoblast proliferation and differentiation because of the 
preferable combination of small and large pores with varied shapes. 
In conclusion, the present study revealed that the SLM-fabricated trabecular-like Ti-6Al-4V 
scaffold based on Voronoi-Tessellation had the possibility for orthopedic application due to its 
controllable mechanical properties and potential advantage of enhancing osteoblast differentiation. 
Our future work will focus on the investigation for in vivo biocompatibility of this scaffold. 
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Figure list： 
 
Fig. 1. (a) SEM micrograph and (b) particle size distribution of Ti-6Al-4V powders. 
 
 
Fig. 2. (a) Schematic of irregularly porous structure modeling, (b) schematic of selective laser 
melting process and (c) as-built Ti-6Al-4V scaffolds by SLM. 
 
Fig. 3. Stress-strain curve to determine characteristic values from compression testing of porous 
structure. 
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Fig. 4. (a, c, d) SEM micrographs with different amplifications of as-built Ti-6Al-4V scaffolds after 
ultrasonic cleaning and (b) 3D model. 
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Fig. 5. Relationship between pore size distribution and irregularity for set 1 of as-built scaffolds: (a) 
ε=0.06; (b) ε=0.25; (c) ε=0.5. 
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Fig. 6. Compression test results of as-built scaffolds with various irregularities, porosities and 
different heat treatment processes: (a, b) stress-strain curves; (c, d) calculated elastic modulus; (e, f) 
ultimate strength. 
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Fig. 7. Viability and proliferation of MG63 cells on porous Ti-6Al-4V scaffolds with different 
irregularities and porosities: (a, b) fluorescence microscopy images after being cultured for 1 d (live 
cells appeared as bright green dots); (c, d) CCK-8 assay results after being cultured for 1, 3 and 5 d, 
n=3 (sample size), #Ssamlignificant difference (one-way ANOVA: p＜0.05). 
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Fig. 8. SEM micrographs of cell adhesion morphologies on scaffolds with different irregularities 
and porosities after being cultured for 3 d (cell bridging behaviors were highlighted by red arrows). 
 
Fig. 9. ALP activity of MG63 cells on different porous Ti-6Al-4V scaffold designs after being 
cultured for 14 d, n=3 (sample size), #Ssamlignificant difference (one-way ANOVA: p＜0.05). 
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Fig. 10. (a) Reconstructed 3D model of healthy spongy bone with, (b) trabecular-like porous 
structure with homogeneity in porosity, (c) reconstructed 3D model of gradient structure of 
trabecular bone and (d) trabecular-like porous structure with gradient in porosity. 
 
Fig. 11. Forming mechanism of powder adhesions on struts. 
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Fig. 12. Comparisons between design and fabrication of scaffolds with different irregularities: (a, b) 
sections from the same location; (b) unit cells of 2.4 mm × 2.4 mm × 2.4 mm. 
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Fig. 13. FEA results for von Mises stress field of scaffolds. 
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Table list： 
Table 1 Chemical composition of the Ti-6Al-4V ELI powder (mass %). 
Ti Al V O N C H Fe 
Bal 5.90 3.91 0.12 0.05 0.08 0.012 0.3 
 
Table 2 Optimized process parameters used in the SLM fabrication. 
Laser power Scan speed Hatch spacing Layer thickness Laser focus Atmosphere 
180 W 1350 mm/s 0.1 mm 0.03 mm 0.1 mm Ar 
 
Table 3 Comparison between the designed and experimental characteristics of scaffolds (n=3; D: 
difference value). 
 ɛ  
Strut thickness 
(μm) 
 Volume 
(mm3) 
 Surface area 
(mm2) 
 Specific surface 
area (mm-1) 
 
Porosity (%) 
CAD μCT  CAD μCT  CAD μCT  CAD μCT D  CAD μCT D 
Set 1 
0.06 
 
361±35 611±52  85.49 113.23  890.32 794.75  10.41 7.01 -3.4  70.92 61.49 -9.43 
0.25 352±62 487±49  87.93 109.81  884.33 830.24  10.06 7.56 -2.5  70.01 62.65 -7.36 
0.5 368±81 464±41  89.67 106.67  929.53 895.92  10.37 8.4 -1.97  69.5 63.95 -5.55 
Set 2 0.5 
730±56 797±34  133.08 150.44  789.53 756.71  5.93 5.03 -0.9  54.73 48.83 -5.9 
550±61 630±21  95.04 107.29  709.16 673.54  7.46 6.28 -1.18  67.67 63.51 -4.16 
380±49 468±39  59.98 75.63  588.31 547.28  9.81 7.23 -2.58  79.6 74.28 -5.32 
 
AC
CE
PTE
D M
AN
US
CR
IPT
